We developed a mobile teleconsultation system based on third-generation mobile phone links. The system comprised a laptop computer and a digital camcorder. It was installed inside an ambulance to allow videoconferencing between the moving vehicle and a doctor at a base station. In addition to video and voice, high-quality still images could also be transmitted. A series of 17 trial runs with real ambulance patients was conducted in the city of Athens. In general, the videoconferencing sessions produced relatively clear video. The bandwidth was high enough for a satisfactory video of 10-15 frames/s. During a total testing period of 23 h and in an area of about 180 km 2 , there were nine instances of signal loss, amounting to a total of 17 min. The general opinion formed by the doctors was that the system produced good results. All initial diagnoses made using the system agreed with the final diagnoses of the patients. The study showed that the mobile system could reduce the time before an ambulance patient is seen by a doctor.
Introduction
Early attempts to transmit data from ambulances relied on second-generation mobile telephony. 1 The limited bandwidth (9.6 kbit/s) permitted the transmission only of low-resolution static images or text. In a similar approach, slow frame video was transmitted at a rate of 15 frames/ min over a second-generation link. 2 An alternative would be to employ satellite communication to establish a highspeed wireless channel. 3, 4 However, satellite communication is expensive.
As mobile telephony developed, the General Packet Radio Service (GPRS) came into use (2.5G). This allowed a bandwidth of about 50 kbit/s, which permitted users to send static images of modest quality. 5 The third generation of mobile telephony (3G) can support even higher data rates. 6 3G systems use the Universal Mobile Telecommunication Services (UMTS) technology. When conventional 2G mobile terminals move from one cell to another, they have to dissociate from the old cell and associate to a new cell. This process of 'handover' introduces small gaps in communication, and these can severely affect time-sensitive processes like videoconferencing. In contrast with 2G, UMTS uses 'soft hand-over', where a mobile terminal switches smoothly from one cell to another, and this allows a more stable flow of data, which is essential in realtime applications. 6 When a mobile terminal moves out of the 3G coverage area, it will have to fall back to GPRS speed, until it regains a 3G signal. The whole operation of dissociating with 3G and registering in a 2.5G network introduces considerable delays in communication and data transfer.
We have investigated the use of 3G transmission from a moving ambulance.
Methods
An ambulance was equipped with a laptop computer with a PCMCIA card for 3G communication. In addition, a 3G phone that acted as a modem was tested. A digital camcorder (DCR-PC110E, Sony) was connected to the laptop. The camcorder could operate under various lighting conditions and could also produce high-resolution still images (see Figure 1 ). A standard videoconferencing programme was used on the laptop (NetMeeting, Microsoft), which allowed point-to-point communication with the base station. As sensitive medical data were to be transmitted over the air, a virtual private network (VPN) was used to create a secure tunnel from source to destination. The data overhead of the VPN was small. 7, 8 The base station was at a hospital, where a doctor could use a computer to establish a link with the moving ambulance. A Web camera was installed on the base computer to allow two-way videoconferencing. This improved the feeling of the users and especially the patients, as they tend to be calmer when viewing the image of a doctor. It also allowed the consultant to visually demonstrate a method to the ambulance staff.
However, two-way videoconferencing posed an extra strain on the communication channel and lowered the quality of the link.
A series of 17 trial runs were conducted in the city of Athens. 3G mobile telephony was recently deployed there by Vodafone. Various routes were followed; these included road tunnels, travelling close to a mountain (where the reception of signal from multiple cells forces frequent handovers) and several urban canyons. The routes followed by the ambulance consisted of areas covered by UMTS and GPRS. Only about 30% of Athens is covered by 3G cells, which are centred on the main routes and highways. For the remaining area, the system had to fall back to GPRS, thus considerably lowering the available speed. Several road speeds were tested, from standstill up to a top speed of 120 km/h. Various scenarios were examined, which included actual trauma, realtime electrocardiogram (ECG) transmission and supervision of the actions of the ambulance personnel. Also, a number of still images were transmitted that included patient and trauma details and screenshots of medical equipment. To do this, the user simply pointed the camera at the information to be transmitted, including conventional tube or flat panel screens.
To monitor network performance on the mobile side of the system, two network monitoring programmes were run continuously: one was provided with the PCMCIA card and indicated the network connection (UMTS or 3G) and the speed connected, while the other displayed information on channel utilization, packet size, protocol usage and specific speed at every instant.
Four consultants were asked to evaluate the results sent by the system (video, image and sound), and make an initial diagnosis of the patient. For each patient, consultants were given questionnaires to evaluate the system's performance.
Permission to conduct the experiments was obtained beforehand by the ethics committee of the hospitals and ambulance services concerned.
Results
In general, the videoconferencing sessions produced relatively clear video. The bandwidth was high enough for a satisfactory video of 10-15 frames/s (fps) and a choice of resolution between 160 Â 120, 320 Â 240 and 640 Â 480 pixels. The initial speed of connection reported by the PCMCIA utility was usually 384 kbit/s, reflecting 3G coverage. The speed was stable. When connected to a 2.5G cell, the speed dropped to about 40 kbit/s, but with relatively large fluctuations. As the system handed over from one 3G cell to another, the transfer was very smooth and undetectable to the user. When the system handed over from a 3G to a 2.5G cell, there were some delays as the terminal had to register with another cell. Delays varied from 5 to 15 s, and there was an instance where communication was lost for more than 1 min and the whole session had to be re-established ( Figure 2 ). During a total testing period of 23 h and in an area of about 180 km 2 , there were nine instances where communication fallback from 3G to 2G occurred; this represented a signal loss amounting to a total of 17 min. Table 1 summarizes different results regarding landscape and speed. Overall, speed had little effect on the output of the system.
Telemedicine
During the study period of seven days, a total of 17 patients were transferred using an ambulance equipped with the system. Table 2 summarizes some of the details of the patients. All the cases produced acceptable results for the remote consultants, both for videoconferencing and for still imaging. In the 17 cases, the quality of the outputs was: poor (5%), acceptable (25%) and good (70%) ( Table 3 ). The sound quality was acceptable, although the relatively high background noise created by the ambulance moving Transmitting a still image was found to be straightforward. The camcorder that was used for videoconferencing could also be used as a digital camera, so still images of 1 or 2 Mpixels could be transmitted to the laptop computer and from there to the 3G network. A still image of 1 Mpixel took about 10-15 s to be transmitted, while a 2 Mpixel image required 20-30 s. The quality of the images was very good, even under poor lighting conditions such as the fluorescent lighting inside the ambulance. The camera could focus from zero to infinity, which was ideal for visualizing patient trauma or other body details. Even pointing the camera at the display screens of various pieces of medical equipment in the ambulance produced a clear image.
Transmission of films (e.g. X-rays, computerized tomography and magnetic resonance scans) required a suitable light box inside the ambulance, so that the camera could capture a high-resolution picture. Few ambulances are equipped with light boxes. Although there was little need of it, this method was tried in two instances and was found to be rather difficult, as the camera tended to be 'fooled' by the high contrast of the films. 7
Discussion
The general opinion formed by the doctors was that the system produced good results which could be used for improving the quality of service to patients. All initial diagnoses made using the system agreed with the final diagnoses of the patients.
In engineering terms, the system had an acceptable videoconferencing quality when the ambulance was within a 3G coverage area. Moving into a GPRS area posed a problem, as the bandwidth was insufficient. Sound and still imaging was very satisfactory, even in GPRS conditions. It is likely that the number of 3G cells in Europe will increase.
The cost of the equipment needed in an ambulance was approximately 6000 euros. Most of the test sessions lasted 3-10 min and transmitted 3-15 MByte of data. The average cost for the airtime of each session would thus be about 5-20 euros. The installation and running cost would therefore be low enough to allow widespread deployment of the system.
The system can also be installed to work the other way around, from a base station in the hospital to a mobile station where a consultant may be. This would allow for communication between a consultant in a car and a hospital ward. 9 The study showed that the mobile system could reduce the time before an ambulance patient is seen by a doctor. 
